Introduction
Observations indicative of thought disorder (TD) have been reported in individuals experiencing psychosis for many years (e.g. Kraepelin, 1919) , and TD remains part of the core criteria for the diagnosis of schizophrenia and related psychotic disorders in contemporary classification systems (American Psychiatric Association, 2013; World Health Organization, 1993) . Accordingly, the presence of positive TD has been associated with an increased likelihood of conversion to psychosis in those at-risk, as well as an increased rate and duration of hospitalisations in those with psychosis (Roche et al., 2015) , whereas negative TD is thought to be indicative of a poor prognosis in those with psychosis (Andreasen and Grove, 1986; Roche et al., 2015; Tan et al., 2014; Wilcox et al., 2012) . TD also demonstrates familial aggregation and is now being explored as a potential endophenotype for schizophrenia (Levy et al., 2010) .
TD generally describes the presence of disorganised or impoverished thinking that is inferred from abnormalities in the amount and form of produced speech, and which culminates in impaired communication (Andreasen, 1986; Caplan et al., 1989; Chen et al., 1996; hypotheses revolve around aberrant linguistic (Chaika, 1974 (Chaika, , 1990 Covington et al., 2005; Hinzen and Rossello, 2015) , semantic Goldberg et al., 1998; Goldberg and Weinberger, 2010; Spitzer, 1997) , or executive (Docherty et al., 1996b; Kerns and Berenbaum, 2003; Lake, 2008; Spitzer, 1997) processes. In the past, these hypothesised dysfunctions have sometimes been contrasted as independent mechanisms. For example, linguistic hypotheses of TD predict deficits within a circumscribed language production system (Kerns and Berenbaum, 2002) , such as lexical retrieval or phonological encoding (Indefrey and Levelt, 2004) , that are distinct from 'thought' processes (Chaika, 1982) . Similarly, some semantic hypotheses of TD predict intrinsic abnormalities within the system of stored concepts corresponding to facts about the world (Kerns and Berenbaum, 2002) . However, varying degrees of behavioural evidence has accumulated to support a role of these processes in the manifestation of TD, and their relative contribution and importance is contentious (Doughty and Done, 2009; Kerns and Berenbaum, 2002) . In particular, these cognitive explanations and hypotheses are typically limited in several overlapping ways.
One shortcoming of existing aetiological theories of TD is that they generally fail to provide a unifying account of the various component cognitive abnormalities that have been implicated (Barch and Berenbaum, 1996; Kerns and Berenbaum, 2003; Leeson et al., 2006 Leeson et al., , 2005b Rossell and David, 2006; Semkovska, 2010) . For example, evidence suggests that the semantic deficits associated with TD could include impaired access to semantic concepts (Leeson et al., 2006 (Leeson et al., , 2005b , as well as degraded or disorganised storage of semantic information (Rossell and David, 2006) . Similarly, researchers investigating executive deficits have variously implicated impoverished attention (Docherty et al., 1996b; Xu et al., 2014) , inhibition and cognitive control (Kerns and Berenbaum, 2003; Leeson et al., 2005b) , self-monitoring of speech (Barch and Berenbaum, 1996; Harvey, 1985; Nienow and Docherty, 2004) , and working memory (Docherty et al., 1996b; Melinder and Barch, 2003) . Whilst some theories of TD have specified the dysfunction of precise component abnormalities (e.g. Chaika, 1990; Goldberg and Weinberger, 2010; Lake, 2008; Spitzer, 1997) , many studies have been driven by hypotheses that articulate relatively broad cognitive deficits and most of the component abnormalities associated with TD remain to be explained.
Another limitation of current aetiological theories and hypotheses is that they tend to ignore the non-unitary nature of the manifestation of TD. Indeed, different aspects of TD appear to be subserved by different combinations of cognitive deficits (Barch and Berenbaum, 1996; Berenbaum and Barch, 1995; Tan et al., 2015; Tan and Rossell, 2017; Xu et al., 2014) . For example, when four individual aspects of TD were explored in relation to three language production tasks, a heterogeneous pattern of relationships was found: errors in self-monitoring were associated with derailment and illogicality, errors in grammaticalphonological encoding were associated with neologisms and word approximations, and selecting irrelevant information during discourse planning was associated with incompetent references (Barch and Berenbaum, 1996) . Tangential speech was not associated with performance on any of the language production tasks. Nevertheless, current theories and hypotheses of the aetiology of TD do not emphasise the specific aspects of TD that they seek to explain, with few exceptions (e.g. Berenbaum and Barch, 1995; Chaika, 1990; Covington et al., 2005; Spitzer, 1997) .
The final issue with current research investigating the relationship between cognitive processes and TD is that the independence of these specific cognitive mechanisms from each other and from general intellectual, educational, and clinical influences remain controversial (Addington et al., 1991; Doughty and Done, 2009; Leeson et al., 2005b; Oh et al., 2002) . For example, although studies have reported grammatical deficits in the receptive and expressive language of individuals with TD (Chaika, 1974; Oh et al., 2002; Semkovska, 2010) , these deficits can also be found in individuals without TD (Oh et al., 2002) .
Consequently, there are differing opinions regarding the importance of grammatical deficits in TD, particularly with regards to their specificity from broader relationships between general intellectual function and schizophrenia as a whole (Oh et al., 2002; Schaefer et al., 2013; Semkovska, 2010) . Likewise, results from a meta-analysis demonstrated broad semantic deficits across various tasks in individuals with schizophrenia, but specific semantic relationships with TD were only conclusive for tests involving picture naming and verbal fluency (Doughty and Done, 2009) . Moreover, some of the semantic deficits identified were thought to be attributable to executive dysfunction.
One avenue to help elucidate the contributions of these cognitive processes to the manifestation of TD is through the use of neuroimaging. The most replicated structural correlates of TD (for reviews, see Cavelti et al., 2018; Sumner et al., 2018) encompass reduced volumes within the left posterior superior temporal gyrus, including the planum temporale Barta et al., 1997; Horn et al., 2009; Rajarethinam et al., 2000; Sans-Sansa et al., 2013; Shenton et al., 1992; Weinstein et al., 2007) . However, other replicated findings implicate the left and/or right orbitofrontal cortex (Gur et al., 2004; Horn et al., 2010; Nakamura et al., 2008; Sans-Sansa et al., 2013) , the left amygdala-hippocampus complex (Bogerts et al., 1993; Rajarethinam et al., 2001; Sallet et al., 2003; Spalletta et al., 2010) , the bilateral nucleus accumbens (Ballmaier et al., 2004; Spalletta et al., 2010) , the cerebellar vermis (Sandyk et al., 1991) , and the corpus callosum (Arnedo et al., 2015; Kubicki et al., 2008) . The involvement of these regions could be consistent with interpretations that aspects of TD stem from deficits in core language functions, particularly in relation to the left superior temporal gyrus, which may reflect deficits in lexical access (Indefrey and Levelt, 2004) . On the other hand, the involvement of these regions is consistent with an impairment in the self-monitoring of language (Indefrey and Levelt, 2004) , aberrant cognitive co-ordination and integration (Andreasen et al., 1998; Duff and Brown-Schmidt, 2012) , and altered motivational and emotional influences upon attention (Elliott et al., 2000; Pessoa, 2009) .
The functional neuroimaging findings in relation to TD will be informative in further testing these interpretations. A quantitative metaanalysis (Wensing et al., 2017) and systematic review (Cavelti et al., 2018) of the functional neuroimaging correlates of TD have been conducted recently. However, several pertinent studies were omitted from these analyses due to the broader focus on structural and functional neuroimaging (Cavelti et al., 2018) and more constrained inclusion criteria required for quantitative comparisons (Wensing et al., 2017) . The aim of the current systematic review was to provide a more comprehensive qualitative account and synthesis of the research that has investigated TD using task-based functional neuroimaging techniques to target executive, language, or semantic functions, thus reflecting the focus of behavioural investigations into the aetiology of TD.
Method

Search protocol
The review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al., 2009 ) and incorporating some of the recommendations suggested by Bryce et al. (2016) . The databases PubMed, Scopus, and Web of Science were used to locate relevant literature, with searches limited to articles published from the 1st of January, 1990 onwards. Search terms were selected based on three concepts: neuroimaging, schizophrenia-related disorders, and TD. The Medical Subject Headings (MeSH) terms "Diagnostic Imaging" and "Schizophrenia and Disorders with Psychotic Features" were utilised in the PubMed search. The term "clinical" and the truncated word root "symptom*" were additionally included in the PubMed syntax to broaden the search and capture literature containing exploratory psychotic symptom-based analyses without any specific theoretical interest in TD (see Supplementary 1 for full search syntax). Reference and citation lists were checked for additional relevant works. The search method was conducted to discover the neuroimaging literature pertaining to TD. In addition to task-based functional neuroimaging studies, the search returned relevant structural (see Sumner et al., 2018) , resting-state functional, and neurochemical neuroimaging studies that were not included in the current review.
Study selection
Titles, abstracts, and keywords were initially scanned by a single reviewer (PJS) at stage one and were included if they met the following criteria: 1) the article was written in English; 2) a neuroimaging methodology was employed; 3) the participating sample comprised patients with a diagnosis of schizophrenia, schizoaffective disorder or schizophreniform disorder; 4) the basis of the article was empirical (this included case studies and conference abstracts, but not literature reviews or meta-analyses); and 5) a psychosis-related symptom-based analysis was conducted. Studies that only investigated TD in bipolar disorder, or analysed conflated clinical samples that included individuals with bipolar disorder were excluded to limit the scope of the review.
At stage two, two reviewers (PJS and IHB) independently screened full-text articles according to the following criteria: 1) a specific measure of TD was adopted; 2) neuroimaging methodology was used; and 3) a statistical analysis was used to investigate the relationship between functional neuroimaging variables and TD. Studies where the analysis was limited to syndrome-based factors that combined TD with other symptom-types were excluded, including those that were denoted as disorganisation or TD factors. This is because the specific constituent symptoms tend to differ across studies (e.g. Higashima et al., 1998; Langeveld et al., 2013; van der Gaag et al., 2006) and assess a broader scope of psychopathology. Discrepancies in the study selection between the two reviewers were discussed and a consensus was reached. For the current review, only studies using task-based functional neuroimaging techniques to investigate executive, semantic, or linguistic processes were included. Records where only abstracts were available, such as conference presentations, were excluded.
Data extraction
Data extraction was conducted by a single reviewer (PJS). Extracted data for each study included: 1) meta-study information (e.g. title, the name of the authors, and the type of article); 2) the degree of sample overlap between studies; 3) the nature of the research questions or hypotheses employed with respect to TD; 4) sample characteristics, including demographics (e.g. age, gender, handedness, and intelligence quotient) and clinical variables (e.g. diagnosis, age of illness onset, severity and variance in schizophrenia-related symptoms, and severity and variance in TD symptoms); 5) the measure of TD used; 6) the neuroimaging methodology used (e.g. functional magnetic resonance imaging [fMRI] or positron emission tomography [PET]); 7) any task conditions and contrasts relevant to the functional neuroimaging analysis; 8) the method and results of any group-based comparisons in the neuroimaging measures, including patient-control comparisons and, if applicable, TD-non-TD comparisons; 9) the method and results of any other analyses between TD measures and functional neuroimaging measures; and 10) the results of any analyses concerning the presence or severity of TD, and the behavioural findings (i.e. accuracy or reaction times) corresponding to the functional neuroimaging measures analysed in relation to TD.
Evaluations of study quality and specificity of findings
The quality of studies and their findings were evaluated in terms of both the assessment of TD and the size of the clinical sample, similar to previous reviews (Cavelti et al., 2018; Sumner et al., 2018) . The quality of the assessment of TD was independently rated by two reviewers (PJS and IHB) according to five criteria: 1) whether or not the distinction been positive and negative TD was considered in the measurement and analysis of TD; 2) whether or not the analysis of TD was based upon a composite measure consisting of multiple items (as opposed to a singleitem summary measure); 3) whether or not the analysis of TD reflected its non-unitary nature by differentiating between specific dimensions or components of TD, such as incoherence, distractible speech, illogicality, etc.; 4) whether or not the method utilised to elicit speech samples for the measurement of TD was standardised across participants. Examples of standardised methods for eliciting speech samples include asking people to talk about presented images within a certain timeframe, such as images from the Thematic Apperception Test (Murray, 1943 ) or Rorschach's inkblots (Rorschach, 1942) ; administering proverbs tests (e.g. Gorham, 1956) or vocabulary tests, etc. The use of such methods are recommended according to some measures of TD, including the Thought Disorder Index (TDI; Solovay et al., 1986 ) and the Thought and Language Index (TLI; Liddle et al., 2002) . However, to meet this criterion, the method used to elicit speech samples had to be explicitly reported. Methods that are not standardised include semi-structured and unstructured clinical interviews; 5) whether or not the severity of TD recorded in the sample was reported. A point was awarded for each criterion met and summed to produce a quality rating for each study that ranged from zero to five. Again, discrepancies in ratings between the two reviewers were discussed and a consensus was reached.
Furthermore, to determine whether or not null findings could be attributable to an under-sampling of TD, qualitative evaluations of both the mean TD severity and spread of TD severities (two standard deviations either side of the mean) were made for studies that reported relevant descriptive statistics. These evaluations were based upon the scoring of severity inherent in the scales used within each particular study, reflecting both the frequency of manifestation and the degree of interference with communication. It was not possible to evaluate the severities of TD in this way for measures of TD based on frequencies alone, such as the Communication Disturbances Index (CDI; Docherty et al., 1996a) and the Kiddie Formal Thought Disorder Rating Scale (Caplan et al., 1989) , or when summed scores were reported, such as scores from the TDI (Solovay et al., 1986) and TLI , because the impact on communication could not be ascertained. The qualitative interpretations provided correspond with the mean severity, as well as the spread of severities two standard deviations above and below the mean. When values for the mean and spread of ordinal ratings were non-integers, the values were rounded to the nearest half before being evaluated, with qualitative evaluations provided for both severities either side of mid-point values (separated by a "/"). For consistency, some terminology was changed from the original scale interpretations.
Lastly, TD-related findings were evaluated in terms of specificity from: the influences of education and intelligence, general diagnostic group differences (i.e. differences between clinical participants with schizophrenia-related diagnoses and non-clinical controls), and the influences of other psychotic and psychiatric symptoms. Studies were considered to have demonstrated the specificity of their findings to TD if the findings survived appropriate covariate or multivariate analyses, or if differences were revealed through comparisons between appropriately matched groups. Bivariate analyses were also evaluated, but were considered to represent indirect evidence only capable of indicating the possibility of specificity (see Supplementary Materials 1 for details).
Results
The database search yielded 5809 records, with a further 12 identified through reference and citation lists (see Fig. 1 ). A total of 35 studies met the criteria for inclusion (see Supplementary Materials 1 for details of excluded studies). Twenty-three of these studies were motivated by aims, hypotheses, or research questions that pertained to TD directly (i.e. TD-motivated studies). The remaining 12 studies were not motivated by TD-specific aims, but explored TD amongst other symptoms of psychosis as potential functional correlates (i.e. general symptom studies). Three studies used PET, three studies used singlephoton emission computed tomography (SPECT), and the remainder used fMRI. Findings from 16 of these studies were included in the recent meta-analysis of the functional neural correlates of TD (Wensing et al., 2017 , see Supplementary 1), and 14 were included in the recent systematic review (Cavelti et al., 2018) .
Functional neuroimaging correlates of language, semantic, and executive functions have all been investigated in the context of TD. Seventeen studies investigated language processes in TD, 12 of which were TD-motivated; nine studies investigated semantic processes, eight of which were TD-motivated; and 10 studies investigated executive processes, only two of which were TD-motivated (see Supplementary 2). One study investigated both language and executive processes using separate tasks (Cantor-Graae et al., 1991). The categorisation of studies according to cognition was based upon the processes that were purportedly investigated by the study authors. However, it should be noted that this grouping of studies by the cognitive function investigated is somewhat arbitrary. Any given task can rely on several cognitive processes that can be difficult or impossible to extricate, and the primary cognitive processes contributing to the finding depends on the particular contrasts and conditions analysed. Therefore, some of these studies could arguably be categorised in an alternate manner, particularly if a number of contrasts were explored. For the findings of a particular brain region, possible cognitive processes were suggested based on commonalities across the range of tasks, paradigms, and conditions implicated.
Study sample characteristics
Summary statistics for study demographics are displayed in Table 1 . The samples of clinical participants from the studies reviewed mostly represented right-handed males in young adulthood. The majority of samples were recruited from the United States of America (12 studies), followed by England (8 studies), Germany (2 studies), the Netherlands (2 studies), Canada (2 studies), Taiwan (1 study), Switzerland (1 study), P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 94 (2018) 59-75 and Sweden (1 study). Six studies did not state the location of sample recruitment. The primary languages represented in the samples were less frequently stated. Seven studies reported English as the primary language of the entire sample, encompassing both British and American English. German and Mandarin were each reported as the primary language of the sample in a single study. Sample overlap across studies was also identified. A group of five studies shared the same sample of six clinical participants with TD (Kircher et al., 2001a (Kircher et al., , 2005 Kircher et al., 2001b Kircher et al., , 2002 Matsumoto et al., 2013) . Another group of two studies shared a sample, with one study conducting further analyses of the same data presented in the other (Weinstein et al., 2006 (Weinstein et al., , 2007 . A third group was identified where sample overlap was possible but not explicitly stated (van Veelen et al., 2010 (van Veelen et al., , 2011 .
Functional Neuroimaging Findings
Extracted information for each of the included studies can be found within Table S1 (Supplementary Materials 2). The significant functional neuroimaging correlates of TD are presented in Table S2 (Supplementary Materials 3) and Fig. 2 . Fig. 3 shows the number of studies reporting significant findings separately for positive, negative, and overall TD, as well as the productivity of speech. The common significant findings are described in detail below.
3.2.1. Significant findings for positive and overall TD, and verbal productivity As can be seen in Fig. 2 , regions of functional activation within the frontal and temporal lobes, and the cingulate cortex and subcortex, were most commonly associated with TD. These significant functional neuroimaging findings were derived through analyses of positive and overall TD, and verbal productivity, as shown in Fig. 3. 3.2.1.1. Temporal lobe. Relationships between TD and activation within the temporal lobe were reported in 19 studies. The temporal regions included bilateral superior, middle, and inferior temporal; and fusiform gyri, as well as the left parahippocampal gyrus and temporal pole (see Table S2 , Supplementary Materials 3, and Fig. 3) . A wide range of functions were implicated, spanning language perception, comprehension, production, and monitoring; selective attention, semantic priming, and decisions of semantic congruence. Furthermore, one study investigated the temporal cortex as a broad region-of-interest (ROI), where increased temporal activation during an executive function task (the Wisconsin Card Sorting Test) was associated with a greater severity of positive TD (Rubin et al., 1994) .
3.2.1.1.1. Superior temporal gyrus. Twelve studies reported altered superior temporal function in relation to TD (see Table S2 , Supplementary Materials 3), including two studies that reported results from the same analysis (Weinstein et al., 2006 (Weinstein et al., , 2007 . Hyperactivation and hypoactivation was evident within the left and right superior temporal gyri, particularly within middle and posterior aspects of the gyri. Although almost all of the tasks implicated were broadly related to language function, many were also overtly reliant upon attentional processes. During freely produced speech from individuals with TD, left-(McGuire et al., 1998) and right-sided (Kircher et al., 2001a (Kircher et al., , 2002 posterior hyperactivation was related to the rate of articulation, whereas left-sided posterior hypoactivation was related to the severity of TD evinced from the speech (Kircher et al., 2001a; McGuire et al., 1998) and right-sided posterior hypoactivation was related to the presence of within-clause pauses (Matsumoto et al., 2013) . Tasks requiring the use of linguistic context showed right-sided middle-anterior hypoactivation for appropriate word-production (Kircher et al., 2001b) , but left-sided middle-posterior hypoactivation for sentence comprehension (Borofsky et al., 2010) , with the latter region showing TD-related hyperactivation whilst attending to comprehensible speech (Weinstein et al., 2006 (Weinstein et al., , 2007 . Detection and monitoring processes were common to the remaining tasks, with left posterior temporal-parietal hyperactivation found for the discrimination of speech from non-speech sounds (Ngan et al., 2003) , as well as for selective attention of non-lexical stimuli (Erkwoh et al., 2002) ; bilateral posterior hyperactivation for the multi-modal monitoring of word meaning (Tagamets et al., 2014) , and right posterior hyperactivation for the monitoring and detection of pitchdistortion in produced speech (Kumari et al., 2010) .
3.2.1.1.2. Middle temporal gyrus. Twelve studies demonstrated relationships between TD and middle temporal activation (see Table  S2 , Supplementary Materials 3), including two studies that reported results the same analysis (Weinstein et al., 2006 (Weinstein et al., , 2007 . Like the superior temporal gyrus, middle temporal correlates of TD included both hyperactivation and hypoactivation within the left and right hemispheres. In the left middle temporal gyrus, TD-related hyperactivation was found for a variety of semantic, and language comprehension, production, and monitoring tasks in which the meaning of stimuli had to be considered or attended to. This hyperactivation encompassed middle and posterior aspects of the gyrus, and often included or continued from superior temporal hyperactivation (Borofsky et Note. Summary statistics were extracted for clinical participants with complete TD ratings and scans, combining subgroups with and without TD. Intelligence combines various measures of pre-morbid and current IQ.
Right-sided middle temporal hyperactivation was elicited using a more divergent range of tasks that included semantic-dependent sentence comprehension (Borofsky et al., 2010) , monitoring of undistorted speech relative to pitch-distorted speech (Kumari et al., 2010) , and rate of articulation during freely produced speech (Kircher et al., 2002) . TD-related middle temporal hypoactivation in either hemisphere appeared to correspond with generative language tasks (Kircher et al., 2001a (Kircher et al., , 2005 Kircher et al., 2001b Kircher et al., , 2002 Kircher et al., 2008) , with an additional study reporting left middle temporal hypoactivation for decisions of semantically congruent sentence completion (Arcuri et al., 2012) . 3.2.1.1.3. Fusiform gyrus. Six studies reported relationships between activation of the fusiform gyrus and TD (see Table S2 , Supplementary Materials 3). Five of these studies reported TD-related increases in activation, mostly bilaterally, for tasks involving language production or semantic retrieval. In terms of language production, greater bilateral activation was reported for freely produced speech displaying more severe TD (McGuire et al., 1998 ) and a higher rate of articulation (Kircher et al., 2002) , with the latter located more medially and posteriorly, and with additional left anterior fusiform hyperactivation for the production of syntactically complex sentences (Kircher et al., 2005) . Left-sided hyperactivation was also associated with word generation for appropriate sentence completion (Kircher et al., 2001b) . In terms of semantic retrieval, bilateral hyperactivation was associated with TD for indirect, controlled semantic priming (Kuperberg et al., 2007) , whereas right posterior fusiform hyperactivation was found for word generation from alternating overlearned lists, a fluency task with low retrieval effort but alternating semantic constraints (Ragland et al., 2008) .
3.2.1.2. Frontal lobe. Frontal lobe activation has been associated with TD in 15 studies. Correlates were evident across the frontal lobe broadly, including within the pre-central gyrus, pre-supplementary motor area, superior, middle and inferior frontal gyri; and medial prefrontal regions (see Table S2 , Supplementary Materials 3, and Fig. 3 ). The tasks implicated span attention and working memory, language production and comprehension, and passive and active semantic processing.
3.2.1.2.1. Inferior frontal gyrus. Activation of the inferior frontal gyrus region was associated with TD in 11 studies, including one study that reported a relationship with the degree of spatial deviation in activation from non-clinical controls (see Table S2 , Supplementary Materials 3). The tasks implicated involved language production and monitoring, the comprehension of the meaning of words and sentences, and the influence of semantic similarity. Correlates of the semantic and comprehension tasks included hypoactivation and hyperactivation, and were generally centred on the left pars triangularis, with a locus at the junction between the left pars orbitalis and pars triangularis for passive semantic tasks (Han et al., 2007; Horn et al., 2012) , and within the pars triangularis for active judgements of semantic congruence (Chen et al., 2013) , semantic-and syntax-dependent sentence comprehension (Borofsky et al., 2010) , and decisions of appropriate sentence completion (Kircher et al., 2001b) . TD-related activation for syntaxdependent comprehension (Borofsky et al., 2010) , decisions of semantically congruent sentence completion (Arcuri et al., 2012) , and word generation for appropriate sentence completion (Kircher et al., 2001b) approached and encroached on the border with the left pars opercularis.
Inferior frontal correlates of TD tended to be more bilateral and scattered for language production tasks. The rate of articulation during free speech production was associated with hyperactivation within the pars orbitalis of the left inferior frontal gyrus in one study (McGuire et al., 1998) , but hypoactivation at the border between the bilateral pars triangularis and pars opercularis in two others (Kircher et al., 2001a (Kircher et al., , 2002 . Bilateral hypoactivation within the pars orbitalis also reportedly corresponded with the severity of TD present in freely produced speech (McGuire et al., 1998), though this was not replicated (Kircher et al., 2001a) . A histogram depicting the number of studies that found TD-related hypoactivation, TD-related hyperactivation and no significant relationship between TD and functional activation for various regions of the brain. Note. The histogram includes 16 studies that conducted whole-brain analyses and 12 studies that analysed circumscribed regions (ROI analyses). Seven studies were excluded from the histogram: three studies analysed measures that were not comparable, namely spatial deviance (Horn et al., 2012) residual noise variance (Winterer et al., 2006) and lateralisation indices (van Veelen et al., 2011) ; three studies analysed very broad ROIs (Cantor-Graae et al., 1991; Lewis et al., 1992; Rubin et al., 1994) , and one study (Weinstein et al., 2007) reported findings from the same functional neuroimaging analysis that was reported in another study (Weinstein et al., 2006) .
3.2.1.3. Cingulate gyrus. Ten studies reported relationships between TD and activation within the cingulate cortex (see Table S2 , Supplementary Materials 3). This activation was primarily evoked using semantic and language production tasks. Both hyperactivation and hypoactivation was associated with the semantic tasks, predominantly encompassing the anterior cingulate cortex of each hemisphere. Specifically, anterior cingulate hyperactivation was found for both appropriate and inappropriate semantic retrieval (Assaf et al., 2006; Jamadar et al., 2013) , as well as semantic-dependent sentence comprehension (Borofsky et al., 2010) . Anterior cingulate hypoactivation was associated with semantic fluency (Ragland et al., 2008) and decisions of semantic congruence for sentence completion (Arcuri et al., 2012) . Language production tasks were associated with hypoactivation of left and right, anterior and posterior cingulate cortices. Bilateral hypoactivation around the borders between the anterior and posterior cingulate was evident for word generation (Kircher et al., 2001b) Fig. 3 . Histograms depicting the number of studies that found hyperactivation (A) and hypoactivation (B) related to positive TD, negative TD and overall TD, and the number of words produced (NWP) for various regions of the brain. Note. The histogram includes 16 studies that conducted whole-brain analyses and 12 studies that analysed circumscribed regions (ROI analyses). Seven studies were excluded from the histogram: three studies analysed measures that were not comparable, namely spatial deviance (Horn et al., 2012) residual noise variance (Winterer et al., 2006) and lateralisation indices (van Veelen et al., 2011) ; three studies analysed very broad ROIs (Cantor-Graae et al., 1991; Lewis et al., 1992; Rubin et al., 1994) , and one study (Weinstein et al., 2007) reported findings from the same functional neuroimaging analysis that was reported in another study (Weinstein et al., 2006) .
hypoactivation was reported for the rate of articulation (Kircher et al., 2001a (Kircher et al., , 2002 McGuire et al., 1998) and presence of within-clause pauses (Matsumoto et al., 2013) in freely produced speech, respectively.
3.2.1.4. Subcortical. Four studies reported TD-related hyperactivation within the right caudate nucleus (see Table S2 , Supplementary Materials 3). The tasks eliciting this activation were varied and involved the degree of TD present in freely produced speech (Kircher et al., 2001a; McGuire et al., 1998) , word generation for appropriate sentence completion (Kircher et al., 2001b) , and semantic-dependent sentence comprehension (Borofsky et al., 2010) .Moreover, though activation within the left caudate for judgements of semantic congruence was not significantly related to the severity of TD, the modulatory effect of the caudate on left inferior frontal activation was weaker in those with more severe TD (Chen et al., 2013) . Five studies reported TD-related activation within the cerebellum (see Table S2 , Supplementary Materials 3) . The tasks implicated related to language production, including appropriate and semantically congruent sentence completion. In relation to freely produced speech, hyperactivation of the right cerebellar vermis and cortex showed a correspondence with the rate of articulation (Kircher et al., 2001a (Kircher et al., , 2002 and the production of syntactically simple sentences (Kircher et al., 2005) , whereas hyperactivation of the left cerebellar vermis showed a correspondence with the degree of TD evinced (Kircher et al., 2001a) . Appropriate sentence completion was associated with hypoactivation within the left cerebellum (Kircher et al., 2001b) and vermis (Arcuri et al., 2012) . However, within the right cerebellum, word generation for appropriate sentence completion was associated with hyperactivation (Kircher et al., 2001b) , whereas decisions of semantically congruent sentence completion (Arcuri et al., 2012) and word generation relative to decisions of appropriate sentence completion (Kircher et al., 2001b) were associated with hypoactivation.
Null findings and negative TD
As depicted in Table 3 , nine studies reported functional neuroimaging findings that were entirely non-significant in relation to TD (Buchsbaum et al., 1992; Cantor-Graae et al., 1991; Dichter et al., 2010; Hashimoto et al., 2010; Kubicki et al., 2003; Menon et al., 2001; van Veelen et al., 2011; Wilson et al., 2013; Winterer et al., 2006) . All of these studies employed ROI neuroimaging analyses, and eight of the nine studies were not motivated by TD-related research questions or hypotheses, but investigated relationships between functional neuroimaging measures and symptom severities in an exploratory manner (Wilson et al., 2013 were motivated by a TD-related research question). Of the remaining 26 studies (including both Weinstein et al., 2006 & Weinstein et al., 2007 ) that reported at least one significant TD-related finding, nine employed ROI analyses or TD-related analyses on circumscribed regions of the brain, whereas 17 conducted analyses across the whole brain. Five of these 26 studies were not motived by TD-related research questions or hypotheses (Collier et al., 2014; Kircher et al., 2005; Kumari et al., 2010; Lewis et al., 1992; van Veelen et al., 2010) .
In addition, the nine studies that did not report any significant TDrelated findings tended to meet less of the criteria for the quality assessment and analysis of TD than the studies that reported at least one significant finding (see Table 3 ). However, sample size ratings for studies reporting only null findings and studies reporting at least one significant TD-related finding were about the same. Moreover, only one of the studies that did not produce any significant TD-related findings reported the severity of TD sampled (Dichter et al., 2010) . TD, particularly positive TD, may have been undersampled in this study (see Table 2 ).
Seven of the included studies analysed negative TD (Cantor-Graae et al. one of these studies was motived by a TD-related hypothesis, though this hypothesis was not specific to negative TD (Han et al., 2007) . Thus, analyses of negative TD were predominantly exploratory in nature. In addition, the analyses of negative TD tended to be secondary analyses, and so were limited to regions and task conditions that yielded significant differences between individuals with schizophrenia and controls, or regions and task conditions that were associated with ratings of negative symptoms overall. All but one of the seven studies reported non-significant findings. Collier et al. (2014) found that a greater severity of negative TD was associated with greater differences in activation within the visual cortex when auditory novel stimuli were contrasted against visual novel stimuli on an oddball task. The specific regions implicated were the lingual gyrus, precuneus, and fusiform cortex, though the hemisphere was not specified.
Behavioural results
Analyses of behavioural measures from language tasks in relation to TD were mostly limited to studies of free speech production, of which two produced significant findings. Clinical participants with TD produced less syntactically complex sentences (Kircher et al., 2005) , made less pauses filled with non-word sounds, and produced unfilled pauses of a greater duration than non-clinical controls (Matsumoto et al., 2013) . A trend-level inverse correlation was also reported between the severity of TD and the number of pauses filled with non-word sounds (Matsumoto et al., 2013) . However, TD-related functional activation corresponding with filled and unfilled pauses were not analysed. During free speech, TD was not significantly associated with the number of words (Kircher et al., 2002) , simple sentences (Kircher et al., 2005) , and between-clause, within-clause and unfilled pauses (Matsumoto et al., 2013) produced. On the other hand, relationships between the number of words produced in free speech and right medial frontal and superior temporal activation, as well as cerebellar activation, were dependent on the TD severity evident (Kircher et al., 2002) .
In terms of other language tasks, Kircher et al. (2001b) showed that regions of activation associated with appropriate sentence completion were invariant to differences in response times, though some left inferior frontal and temporal correlates were dependent on accuracy. Although the relationship between TD and behavioural performance was not directly analysed, a region of right temporal activation that correlated with TD when discerning undistorted speech from pitchdistorted speech also correlated negatively with the accuracy of these decisions (Kumari et al., 2010) .
Two studies explored behavioural correlates of semantic processes in relation to TD (Arcuri et al., 2012; Assaf et al., 2006) . Those with more severe TD tended to more frequently endorse inappropriate semantic relationships, as measured by the number of false positive errors on trials where semantic stimuli were incongruent. By contrast, relationships with TD were not apparent for error rates on congruent trials. One study additionally showed that clinical participants with TD were slower than non-clinical controls but faster than clinical participants without TD in response to both congruent and incongruent trials (Arcuri et al., 2012) . The influence of the severity of TD on behavioural performance for tasks of executive function was only explored in one study of selective attention, with null findings (Erkwoh et al., 2002) .
Quality of evidence, and specificity of findings to TD
The number of studies that achieved each of the five ratings for the quality of TD measurement and analysis, as well as for the sample size, is depicted in Fig. 4 . More than half of the included studies reported clinical samples of between 11 and 20 participants, with less than a quarter of the included studies reporting clinical samples that comprised more than 20 participants. The median clinical sample size was 13 participants (see Table 1 ). The numbers of studies that met one, two, or three of the five criteria pertaining to the quality of the measurement P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 94 (2018) [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] and analysis of TD were almost equally distributed. Few studies met four of the five criteria, and only one study met all five of the quality criteria for TD. In the majority of studies, the measures of TD that were analysed preserved the distinction between positive and negative TD (see Table 2 ). The number of studies that used each of the identified measures of TD is reported in Table S3 (Supplementary Materials 4) . The TD measure used most frequently in analyses across the included studies was the Scale for the Assessment of Positive Symptoms (SAPS) Formal Thought Disorder subscale (Andreasen, 1984b) , followed by the Positive and Negative Syndrome Scale (PANSS) Conceptual Disorganization item (Kay et al., 1987) and the Scale for the Assessment of Negative Symptoms (SANS) Alogia subscale (Andreasen, 1984a) . Twenty-five of the included studies conducted analyses with ratings from instruments such as these, where speech samples are derived from semi-structured clinical interviews. The remaining 10 studies used measures of TD where standardised methods to elicit speech samples are recommended, the most common of which was the TLI . However, only six explicitly reported the standardised method used. Five studies were identified where analyses were conducted that considered the non-unitary nature of TD beyond the broad distinction positive and negative symptoms. Table 3 depicts the median and range of ratings for the quality of the measurement and analysis of TD, and for sample size for studies that contributed to each of the main findings. Table 3 also shows the median and range of these ratings for studies that found at least one significant relationship between TD and functional neuroimaging measures, for studies that did not find any significant relationship between TD and functional neuroimaging measures, and for all of the included studies. Though the studies that contributed to the main findings included some that performed poor quality assessments of TD, as a group they tended to conduct moderate to high quality TD assessments (meeting 3 or 4 of the 5 criteria). Sample sizes were relatively small for all of the included studies, and this did not seem to vary amongst studies that contributed to the main findings, studies that yielded significant TD-related findings, or studies that reported only null findings for TD.
The use of multivariate or covariate analyses to demonstrate the specificity of findings to TD has been minimal. Some studies did, however, compare activation between demographically-or clinicallymatched subgroups with and without TD. Nevertheless, there is no strong and consistent evidence demonstrating either independence or dependence of any relationship between TD and task-based regional activation from the influences of intelligence, education, general schizophrenia-related diagnostic group effects, other symptoms of P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 94 (2018) 59-75 Table 2 Each Study Rated for the Quality of the Measurement and Analysis of TD, and for Sample Size. (continued on next page) P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 94 (2018) [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] psychosis, or other psychiatric symptoms. Bivariate correlations were sometimes performed between the same task-related regions of activation that showed relationships with TD, and demographic or clinical variables, including the severities of other symptoms. Alternatively, bivariate correlations were performed between these demographic and clinical variables, and the severity of TD. No consistent accumulation of bivariate evidence was identified to suggest that a region of TD-related activation might lack specificity from the aforementioned demographic and clinical influences. An account of this evidence is outlined in more detail in Supplementary Materials 1, where pertinent to the main functional findings.
Discussion
The aim of the current work was to systematically review the taskbased functional neuroimaging literature pertaining to thought disorder (TD) that had targeted linguistic, semantic, or executive processes. The TD-motivated functional neuroimaging studies identified were mostly concentrated on investigating language and semantic processes, whereas executive function processes have been less thoroughly explored in general symptom studies. Amongst the most common functional correlates of TD were the bilateral superior and middle temporal, fusiform, and inferior frontal gyri, as well as the cingulate cortex, the caudate nucleus, and the cerebellum. For the most part, both TD-related increases and decreases in activation were reported within these regions. Behaviourally, TD was associated with a propensity for inappropriate inferences of semantic relatedness on some of the tasks eliciting TD-related anterior cingulate and inferior frontal activation.
These results complement the findings from other recent reviews of the functional neuroimaging studies of TD (Cavelti et al., 2018; Wensing et al., 2017) . In particular, the recent meta-analysis revealed three left temporal clusters that showed convergent aberrant activation, encompassing the posterior superior temporal gyrus, and dorsal and ventral aspects of the posterior middle temporal gyrus (Wensing et al., 2017) . When cross-referenced against a database of functional data from healthy controls, the posterior superior temporal cluster was inferred to be a member of a network including the bilateral superior temporal gyrus, left inferior frontal gyrus, left temporal pole, and right rolandic operculum. Moreover, extrapolated cognitive functions subserved by this region included auditory perception and discrimination, passive language reception, and overt language production; with the broader network playing additional higher-order linguistic and semantic roles. Notably, the left ventral middle temporal cluster also showed connectivity with the left inferior frontal gyrus, and the dorsal middle temporal cluster exhibited connectivity with the bilateral superior and middle temporal, and inferior frontal gyri. Likewise, both of these regions and networks subserved semantic and linguistic functions. Accordingly, the synthesis of findings of TD-related activation from the current review and from Cavelti et al. (2018) strongly implicate these frontal and temporal regions, and likewise suggest convergence across a range of language and semantic tasks. Aberrant temporo-frontal networks, then, could represent lexico-semantic access deficits (Binder and Desai, 2011; Hart et al., 2007; Indefrey and Levelt, 2004 ) that have been theorised in the aetiology of TD (Kerns and Berenbaum, 2002; Leeson et al., 2006 Leeson et al., , 2005b Spitzer, 1997) .
Indeed, evidence of TD correlates from other neuroimaging techniques demonstrate further convergence on superior temporal and inferior frontal regions (for reviews of the structural correlates of TD, see Cavelti et al., 2018; Sumner et al., 2018) ). Left posterior superior temporal gyrus structure, in particular, has been implicated in TD Barta et al., 1997; Horn et al., 2009; Rajarethinam et al., 2000; Sans-Sansa et al., 2013; Shenton et al., 1992; Weinstein et al., 2007) , with evidence that the relationship between planum temporale volumes and TD is mediated by posterior superior and middle temporal activation during language perception and comprehension (Weinstein et al., 2007) . Findings implicating the structure Spread based on the evaluation reported by the study authors.
P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 94 (2018) [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] of the inferior frontal gyrus in TD are relatively sparse, though a relationship has been documented (Sans-Sansa et al., 2013) . Similarly, one study has linked TD to levels of metabolites within the left superior temporal and inferior frontal gyri (Seese et al., 2011) . It would be interesting for future research to investigate the structure of the extreme capsule as a potential structural basis for these networks, given that this tract connects inferior frontal and superior temporal regions (Makris and Pandya, 2009) , and has been associated with semantic and language tasks (Rolheiser et al., 2011) . On the other hand, this converging neuroimaging evidence does not completely account for the manifestations of TD. One outstanding question concerns how these findings might allow for the differentiation of TD from other speech disorders. As noted by Wensing et al. (2017) , the frontal and posterior temporal correlates correspond with lesion sites that result in various aphasias (Cappa et al., 1981; Kertesz et al., 1979; Kirshner et al., 1989; Naeser and Hayward, 1978 ). Yet, despite substantial overlap, the speech profiles of TD are generally considered to be distinct from the speech characteristics of aphasic syndromes (Covington et al., 2005; Faber et al., 1983; Oh et al., 2002; Sambunaris and Hyde, 1994) . One possibility is that the lesions and associated functional changes found in those with aphasia are of a greater magnitude than the structural and functional correlates of TD . It would be useful to see formal neuroimaging comparisons between those with TD and those with various forms of aphasia in future studies.
Regions outside of these temporo-frontal networks have also been associated with TD. Additional functional correlates identified in the current review encompassed the cerebellum, caudate nucleus, cingulate cortex, and fusiform gyrus, amongst others. Moreover, structural correlates of TD include the orbitofrontal cortex (Gur et al., 2004; Horn et al., 2010; Nakamura et al., 2008; Sans-Sansa et al., 2013) , corpus callosum (Arnedo et al., 2015; Kubicki et al., 2008) , amygdala and hippocampus (Bogerts et al., 1993; Rajarethinam et al., 2001; Sallet et al., 2003; Spalletta et al., 2010) , nucleus accumbens (Ballmaier et al., 2004; Spalletta et al., 2010) , and cerebellum (Sandyk et al., 1991) ; and there is evidence of reduced striatal dopamine D 2 receptor availability in patients with TD, though this may not be specific to TD (Schmitt et al., 2008) . Therefore, the neural substrate of TD is not constrained to superior and middle temporal, and inferior frontal gyri.
The cognitive processes reflected in the neural correlates of TD remain obscure. However, rather than being distinct and isolated aetiological mechanisms, the neurocognitive correlates of TD may indicate various intersections between language, semantic, and executive functions (Kerns and Berenbaum, 2003; Spitzer, 1997) . As mentioned, the temporal and frontal regions implicated correspond with those considered important for both language (Indefrey and Levelt, 2004; Wensing et al., 2017) and semantic (Binder and Desai, 2011; Hart et al., 2007; Wensing et al., 2017) systems. This could reflect close lexical and semantic coupling (Bierwisch and Schreuder, 1992; Indefrey and Levelt, 2004; Quillian, 1969; Roelofs, 1992 ). Yet, both systems utilise executive processes at various levels. For example, the self-monitoring of language, corresponding with bilateral superior temporal gyrus function (Indefrey and Levelt, 2004) , may rely on attentional processes (Levelt, 1983) . Similarly, the inferior frontal gyrus is considered to subserve working memory functions for semantic representations (Binder and Desai, 2011; Demb et al., 1995; Hagoort, 2005; Hart et al., 2007) . Indeed, the role of some of the other neural correlates of TD could be interpreted in terms of executive dysfunction, such as aberrant attentional selection and prioritisation (Elliott et al., 2000; Pessoa, 2009 ), or cognitive integration (Andreasen et al., 1998; Duff and Brown-Schmidt, 2012) . Accordingly, some cognitive evidence is indicative of combinatory semantic and executive dysfunctions in those with TD (Leeson et al., 2005b) . Suggested neural circuitry and corresponding cognitive component processes are presented in Fig. 5 .
The behavioural findings from the functional neuroimaging studies of TD included in the current review afford limited interpretations. The studies of brain activation during free speech production demonstrated several behavioural correlates of TD (Kircher et al., 2001a (Kircher et al., , 2005 Kircher et al., 2002; Matsumoto et al., 2013; McGuire et al., 1998) . However, the search for corroborative behavioural measures of executive functioning has been minimal, despite the prominence of behavioural evidence for executive dysfunction in TD (Kerns and Berenbaum, 2002) . Incidentally, the functional neuroimaging studies of executive function have been limited to general symptom studies exploring attention and working memory, thus neglecting other component processes implicated in TD (Kerns and Berenbaum, 2003) . Though few neuroimaging studies of semantic function explored concurrent behavioural performance, it appears as though individuals with TD might be overly disposed to infer semantic relationships where they do not exist (Arcuri et al., 2012; Assaf et al., 2006) . Such behaviour could be broadly consistent with notions of increased spreading of semantic activation (Spitzer, 1997) , as well as semantic preoccupation (Chaika, 1974) , though they do not substantially test these interpretations. Regardless, a propensity for the inappropriate verification of false semantic relationships has been documented in individuals with TD elsewhere (Leeson et al., 2005a) . Moreover, the corresponding pattern of activation reported by Assaf et al. (2006) suggests that TD could involve both an increased tendency for semantic-related anterior cingulate activation, and a failure to modulate this activation when such semantic processing is inappropriate. Weinstein et al. (2006) and Weinstein et al. (2007) counted as a single study. b Includes the analysis of spatial deviance conducted by Horn et al. (2012) .
P.J. Sumner et al. Neuroscience and Biobehavioral Reviews 94 (2018) 59-75 Nevertheless, the majority of studies included in the current review did not investigate correlations between behavioural and functional neuroimaging measures specifically for TD. Thus, it is difficult to speculate whether the task-based neural correlates of TD represent functional deficiencies, alternative strategies, compensatory mechanisms, or changes in functional efficiency (Dunst et al., 2014; Larson et al., 1995; Wilkinson and Halligan, 2004) . The investigation of such relationships could facilitate interpretations of TD-related increases and decreases in activation that have been found within the same region, apparent both currently and in other recent reviews (Cavelti et al., 2018; Wensing et al., 2017) . The presence of either hypoactivation or hyperactivation within a given region, and the nature of the relationship between task performance and regional activation, may depend on task parameters such as difficulty or complexity (Wilkinson and Halligan, 2004) . Task difficulty, in particular, has been shown to influence the magnitude of functional activation across a range of paradigms, in various regions, and in both clinical and non-clinical samples (Callicott et al., 1999; Dunst et al., 2014; Fridriksson and Morrow, 2005; Gould et al., 2003; Paus et al., 1998; Sunaert et al., 2000) . Moreover, region-specific responses in activation to increasing task demands might be parabolic or linear (Callicott et al., 1999; Gould et al., 2003) . Thus, it is possible that an interaction between task difficulty and task activation predicts whether TD is related to increased or decreased function for a given region. There is, therefore, a need for future research into the functional correlates of TD to perform concurrent analyses of behavioural and functional data in relation to TD.
Other factors influencing the interpretation of TD-related hypoactivation and hyperactivation include the convergence between structural and functional neuroimaging measures. The aforementioned mediational relationship between left planum temporale grey matter volumes, left posterior middle temporal activation, and TD (Weinstein et al., 2007) is illustrative of structural and functional convergence, and suggestive of functional compensation for structural deficits during the comprehension of speech (Desmond and Annabel Chen, 2002) . By contrast, a greater degree of volume reduction within this region may feasibly elicit deficient function, in addition to poorer behavioural Fig. 5 . Proposed sections of circuitry involved in TD. Red represents altered function in those with TD. Blue represents altered structure in those with TD. Green represents both altered structure and function in those with TD. Connectivity depicted is based on tractography studies in humans (Gong et al., 2009; Haber and Knutson, 2010; Jarbo and Verstynen, 2015; Jones et al., 2013; Jung et al., 2016; Kahnt et al., 2012; Makris and Pandya, 2009; Robinson et al., 2012; Wu et al., 2016) , and anterograde and retrograde tracing studies in primates (Alexander et al., 1986; Friedman et al., 2002; Haber, 2003; Haber and Knutson, 2010; Haber et al., 1995; Heilbronner and Haber, 2014; Kier et al., 2004; Saunders and Aggleton, 2007) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). A: A section of cortico-cortical circuitry potentially implicated in TD. These regions form part of the networks implicated in core language and semantic processes (Binder and Desai, 2011; Indefrey and Levelt, 2004) . They might represent abnormal lexico-semantic retrieval or aberrant self-monitoring of speech (Indefrey and Levelt, 2004) . The evidence suggests a predominance of left hemispheric involvement, though right-sided correlates of TD have been found. B: A section of cortico-striatal circuitry potentially implicated in TD, with convergence upon the striatum. Such a network could possibly correspond with the inappropriate prioritisation of irrelevant stimuli by incorporating abnormal reward-based salience associations (Elliott et al., 2000; Goto and Grace, 2008; Grace, 2000; Haber and Knutson, 2010; Howes and Kapur, 2009) . Though the right hemisphere is depicted, laterality of these regions in relation to TD has yet to be established. Note that the ventral amygdalofugal pathway connecting the amygdala to the anterior cingulate via the subgenual cingulum has been omitted for clarity. Illustrations of the brain modified from a digitized version of Fig. 756 , Gray's Anatomy of the Human Body, 20th edition (1918), available in the public domain on Wikimedia Commons. Abbreviations: ACC -anterior cingulate cortex, Amy -amygdala, Arc. Fasc. -arcuate fasciculus, CN -caudate nucleus, Extr. Capsule -extreme capsule, Fornix (Precom.) -precomissural fornix, Hippo. -hippocampus, IFG -inferior frontal gyrus, MB -Muratoff bundle (subcallosal fasciculus), MTG -middle temporal gyrus, NAc -nucleus accumbens, OFC -orbitofrontal cortex, PCC -posterior cingulate cortex, STG -superior temporal gyrus, Unc. Fasc. -uncinate fasciculus.
performance, as the capacity for functional compensation is exceeded. Equally, reduced activation in the same region under different task conditions may arise due to volume changes within different regions. On the other hand, structural influences on functional signals have been viewed as potential confounds, where relatively subtle partial volume differences can result in the erroneous detection of group differences in activation (Dukart and Bertolino, 2014) . Hence, the interpretation of TD-related functional activation is best made in the context of concurrent structural and behavioural relationships.
It should be noted that the findings currently reviewed are derived from observational studies, rather than experimental designs. Experimentally-induced TD has been investigated by administering ketamine to individuals without clinical diagnoses. Such approaches have yielded functional changes within left superior temporal and inferior frontal gyri, amongst other frontal and parietal regions, that correspond with the severity of induced TD (Nagels et al., 2012) . The severity of ketamine-induced TD has also been shown to correlate with ketamine-induced deficits in working memory performance (Adler et al., 1998) , but not with deficits in semantic performance (Adler et al., 1998; Neill et al., 2011) . This evidence suggests that glutamatergic NDMA receptor abnormalities could be a contributing causal mechanism for TD, explaining TD-related structural and functional changes within the temporal lobe .
Nevertheless, these ketamine studies model acute psychotic episodes (Adler et al., 1999) , rather than residual and chronic TD that tends to be investigated in clinical participants through neuroimaging. Therefore, it is premature to interpret any direction of causality from the findings reviewed at present. The presence and severity of TD over time may well influence cognition, as well as neural structure and function. The social defeat theory (Selten and Cantor-Graae, 2005; Selten et al., 2013) coupled with the principles of neuroplasticity (Kolb et al., 1998) and epigenetics (Roth et al., 2009) , for example, offer several plausible hypotheses to test this direction of causality . Focused longitudinal investigations would help elucidate the interplay of these variables over time.
As with the studies investigating the structural correlates of TD , functional studies have relied upon broad and relatively insensitive measures of psychopathology, such as the Positive and Negative Symptom Scale (PANSS; Kay et al., 1987) and the Formal Thought Disorder subscale of the Scale for the Assessment of Positive Symptoms (SAPS; Andreasen, 1984b) . The sensitivity of these scales as measures of TD are constrained because the ratings are based upon semi-structured clinical interviews and so do not necessitate standardised methods to elicit speech samples (Palaniyappan, 2009; Subotnik et al., 2006) . Moreover, non-unitary aspects of TD have largely been ignored, with most analyses focusing broadly on the severity of positive or overall TD. The preference for broad measures of psychoapathology and neglect of specific aspects of TD further attenuates the sensitivity of studies to the functional correlates of TD . Han et al. (2007) , for example, found specific functional correlates of TD that were only apparent for the distractible speech item of the SAPS. Similar examples can be found in studies investigating behavioural (Kuperberg et al., 2000) and structural neuroimaging correlates (Vita et al., 1995) of TD. Hence, there is validity in analysing specific aspects of TD. Notably, investigations into negative TD have been neglected, and very few significant functional correlates of negative TD were identified in the current review.
The independence of the task-based functional neuroimaging correlates of TD from potential demographic and clinical confounds remain elusive and represent an additional limitation of the literature reviewed, particularly with respect to general intellectual, diagnostic, or symptomatological influences. This limitation is reflected in the broader research concerned with the aetiology of TD. For example, the contribution of general intelligence to the cognitive correlates of TD has not yet been adequately determined (Doughty and Done, 2009; Oh et al., 2002; Semkovska, 2010) . Broader still, the specificity of findings to TD is pertinent to the debate surrounding the heterogeneity evident in schizophrenia, and represents an important avenue of future research in establishing the validity of symptom-based approaches to the investigation of the aetiology of psychosis beyond syndrome-based and diagnostic approaches (Cohen and Docherty, 2005) . The specificity of findings to TD could also have important implications for treatment, such as whether targeted interventions (e.g. Palmier-Claus et al., 2017) or interventions with a wider focus would be the most beneficial.
There are several limitations to the current review. First, the synthesis of findings has been qualitative. This approach allowed for the inclusion of a greater number of relevant studies using a broader range of neuroimaging and analysis techniques, and coverage of more diverse findings than afforded by quantitative meta-analyses, though at the expense of reduced objectivity and precision. Nonetheless, as mentioned, a meta-analysis has recently been conducted (Wensing et al., 2017) , which has been drawn upon in the current interpretation of the literature. Second, the inclusion criteria did not extend to studies investigating broader symptom groups, such as disorganisation factors or hebephrenic subgroups. These groupings reflect broader psychopathology and include symptoms related to, but distinct from TD, such as bizarre behaviour and inappropriate affect (Liddle, 1987; Tsuang and Winokur, 1974) . Hence, functional correlates shared between these related symptoms may have been missed in the current review, though this more constrained inclusion criterion is consistent with that adopted by Wensing et al. (2017) . Third, the review did not cover electrophysiological evidence pertinent to TD, which would also be informative of the neurocognitive correlates of TD. In summary, the task-based functional neuroimaging correlates of TD include the bilateral superior and middle temporal, fusiform, and inferior frontal gyri; cingulate cortex, caudate nucleus, and cerebellum. Increases and decreases in activation were both related to TD. Moreover, these functional correlates were evoked mostly through language and semantic tasks, and so possibly represent the aberrant lexical-semantic processes that are prominent in cognitive theories of the aetiology of TD. Though these correlates may also reflect executive dysfunction, there has been a paucity of TD-motivated functional neuroimaging studies of specific executive processes. Concurrent behavioural and structural corroboration of functional correlates are generally also lacking, and individual aspects of TD, as well as negative TD, and the specificity of neuroimaging correlates to TD, remain to be thoroughly investigated.
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